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Abstract 
Breakdown of mangrove litter, adjacent to Hooghly-Matla estuarine ecosystem, plays a major role in regulating the 
fish population of the estuary. For last several decades, there has been a gradual decline in fish population due to over 
exploitation of resource but the exact cause of this decrease in production is still not known. To know this cause, an 
eleven compartment holistic model of nutrient source to estuary and grazing food chain is constructed. Model results 
depict the role of mangroves in regulating fish population dynamics of the estuary and predation rate of carnivorous 
fish on detritivorous fish is sensitive parameter in maintaining the balance between grazing food chain and detritus 
food chain. 
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1. Introduction 
India has large coastline and vast stretches of coastal wetlands. Estuaries along with mangroves and 
mudflats extend along the coasts. The Hooghly-Matla estuarine system constitutes the criss- cross network 
formed by the main channel and its distributaries with their further sub-divisions lead to sea forming an 
extensive deltaic system. The luxuriant mangroves of Sundarban support the richest fisheries in the whole 
estuary contributing about 90% to the total landings [1]. McLusky and Elliott [2] defined estuary, not only 
as habitat for own resident fish community but also nursery grounds, migration routes and refuge areas for 
a variety of fish species. According to Hussain and Acharya [3], Hooghly- Matla estuary supports 53 
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species of pelagic fish belonging to 27 families and 124 species under 49 families of demersal fish. 
Fishery in the creek waters of mangroves is important because it plays a vital role in economy of the state. 
The secondary production is assumed to be chiefly governed by adjacent mangrove forest. The grazing 
and detritus food chains are maintained by abundance of nutrient and decomposition of organic matter 
respectively. These two food chains are interlinked by many processes like mortality, trophic relationship 
[4-6] and recycling of nutrients [7, 8] and regulate proper ecosystem functioning. 
According to McIntyre et al. [7], fish store essential nutrients in their tissues and act as carrier of 
nutrients to distant locations, and excrete dietary nutrients in dissolved forms that are readily available to 
primary producers. Detritus is a mixture of particulate organic matter (dead and living particles such as 
algae, fungi and bacteria), which is often called detrital aggregate as described by Mann [9]. In aquatic 
ecosystems, it comes from any trophic level, including allochthonous sources and act as most important 
food resources for detritivores including detritivorous fish [10]. Nutrients augment the growth of 
phytoplankton, which in turn stimulates the production of zooplankton. This zooplankton serves as major 
food source for carnivorous fish population of this estuarine system. Trophic cascades in marine systems 
are described by many authors [5, 6, 11, 12]. Over exploitation of fish resource may lead to top-down 
effect on food chain in estuary. 
There are number of published works on importance of mangrove ecosystems to coastal fisheries of 
Sundarban [13-15]. There are few works on modelling of fish population on Sundarban. Ray and 
Straskraba [16] constructed nutrient-phytoplankton-zooplankton-detritus-fish (NPZDF) model of 
Hooghly-Matla estuary and studied the dynamics of NPZD in the presence and absence of detritivorous 
fish in the system. The present account deals with modelling of detailed dynamics of different forms of 
nitrogen in soil and water contributed by litterfall from the adjacent mangrove forest. The compartments 
of the model are (soil total nitogen, soil organic nitrogen, soil inorganic nitrogen, total organic nitrogen of 
water, particulate organic nitrogen of water, dissolved organic nitrogen of water and dissolved inorganic 
nitrogen of water; and four living components phytoplankton, zooplankton, carnivorous fish and 
detrirtivorous fish). Different environmental factors and parameters that affect the dynamics of the above-
mentioned eleven compartments are considered in the model. This work is an application of dynamic 
model described in Mandal et al. [17] along with addition of four more compartments to the model. 
Earlier work of Mandal et al. [17] is restricted to Sagar island only, but this work extends to other 
mangrove dominated, reclaimed parts of Sundarban that are authorized fishing zone of the state of West 
Bengal. The objective of the present work is to (i) quantify the amount of detritus and nutrient available in 
the system in maintaining detitivorous fish population and carnivorous fish population in estuary, (ii) 
estimation of parameters in recycling of nutrients by detritivorous and carnivorous fish, (iii) determine the 
effect of over exploitation of fish resource (top-down effect) on grazing food chain. 
The symbols used in the present paper are described below: 
Symbol Description 
State Variables 
STN Soil Total Nitrogen 
SON Soil Organic Nitrogen 
SIN Soil Inorganic Nitrogen 
WTON Total Organic Nitrogen of Water 
PON Particulate Organic Nitrogen of Water 
DON Dissolved Organic Nitrogen of Water 
DIN Dissolved Inorganic Nitrogen of Water 
P Phytoplankton 
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Z Zooplankton 
CF Carnivorous Fish 
DF Detritivorous Fish 
Graph-Time Functions 
bL  Litter biomass 
TS  Soil Temperature 
Rp Redox potential 
IR Surface solar irradiance 
Se Salinity of downstream 
Sr Salinity of upstream 
TW  Water Temperature 
oD  Dissolved oxygen 
pHW  Water pH 
Hrcf Harvest rate of Carnivorous Fish 
Hrdf Harvest rate of Detritivorous Fish 
Parameters 
DONCr  Conversion rate of WTON to DON 
SPONCr  Conversion rate of SON to PON 
WPONCr  Conversion rate of WTON to PON 
DIDAOIr  Input rate of dead aquatic organisms to DON 
IDSOIr  Input rate of dead soil organisms 
PIDAOIr  Input rate of dead aquatic organisms to PON 
DoK  Half saturation constant for oxygen 
TK  Temperature coefficient 
2RLch  Leaching rate of SIN to DIN 
DLr  Loss rate of PON due to detritivores 
DINLr  Loss rate of DIN from the system 
Symbol Description 
DONLr  Loss rate of DON from the system 
HAFALr  Loss rate of SON as Humic acid and Fulvic acid 
MLr  Loss rate due to mangrove uptake 
PONLr  Loss rate of PON from the system 
WTONLr  Loss rate of WTON from the system 
Mdr  Microbial degradation rate 
minr  Mineralization rate of PON 
h  Rate of hydrolysis 
PONSr  Settling rate of PON 
DSMIr  Input rate of dead soil microflora to SON 
urM  Microfloral uptake rate of DIN 
PDMIr  Input rate of dead microflora to PON 
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IEIr  Input rate of invertebrate excretion 
DMIr  Input rate of dead microflora to DON 
TOpt  Optimal Temperature in soil 
10Q  Temperature Factor for Soil Mineralization 
bacU  Bacterial utilization rate of DON 
pK  Half saturation constant for nutrient uptake by phytoplankton 
Pmax Maximum growth rate of Phytoplankton 
Iopt Optimal light intensity 
d Depth of water 
cE  Extinction coefficient of water 
pV  Average body volume of phytoplankton 
sr  Rate of settling 
PMr  Mortality rate of phytoplankton 
ZMr  Mortality rate of zooplankton 
phr  Respiratory rate of phytoplankton 
zor  Respiratory rate of zooplankton 
fpr  Rate of predation by fish 
zg  Growth rate of zooplankton 
zK  Half saturation constant for phytoplankton grazing by zooplankton 
Mrcf Mortality rate of carnivorous fish 
Mrdf Mortality rate of detritivorous fish 
Symbol Description 
prcf Predation rate of CF feeding on DF 
Kcfz Half saturation constant of CF feeding on Z 
rddf Rate of DON uptake by DF 
Ercf Excretion rate of CF 
rcf Respiration rate of CF 
Erz Excretion rate of Z 
Erdf Excretion rate of DF 
rdf Respiration rate of DF 
grwdf Growth rate of DF 
Kdf Half saturation constant of DF feeding on PON 
2. Methods 
2.1. Study area 
The Hooghly - Matla estuarine system is a tide dominated delta. Tide facilitates transportation of 
sediment, replenishment of nutrients, flushing out of wastes and mixing of fresh and saline water of sea. 
The total length of Hooghly estuary is about 295 km and it lies between the latitude 21o31/ N to 23o30/ N 
and 87o45/ N to 88o45/ N. The estuary bifurcates near Sagar island into main Hooghly in the north and 
northwestern side and river Mooriganga in the eastern side, which is connected to another river Thakuran 
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and Matla, forming the Sundarban estuarine complex. The present study is restricted to mangrove 
dominated region (lower part) of the estuarine complex. The creeks traversing these regions belong to 
shallow, mesotidal regime (Fig. 1). 
 
 
 
Fig. 1 Map showing the study area in Hooghly - Matla estuarine complex. 
The seasons of this region are categorized as premonsoon (March - June), monsoon (July - October) 
and postmonsoon (November - February). The premonsoon is characterized by high air temperature 
ranging from 28C to 40C and occasional rains. The monsoon encounters high rainfall (average 185 
cms.), when the south west wind enters the Indian subcontinent. The postmonsoon is characterized by 
cold weather (average 22C) and negligible rainfall. 
2.2. Sampling and experiments 
Several experimental and survey works are done for the period of two years (March 2005 to February 
2007) on the field to collect the data of litterfall, water temperature, water pH, dissolved oxygen, soil 
temperature, redox potential, plankton, surface solar  irradiance, salinity and fish biomass etc. Mangroves 
of this region comprised of Avicennia marina, Avicennia alba, Avicennia officinalis, Porteresia coarctata, 
Exoecaria agallocha, Ceriops decandra, Acanthus ilicifolius, Derris trifoliate, Heritiera. fomes, 
Aegiceras corniculatum and Dalbergia spinosa [18]. bL  per square meter is calculated after collection of 
litter. The procedure of collection and estimation of litter nitrogen ( nL ) is described in Mandal et al. [17]. 
nL  goes directly into soil, therefore, bL contributing per kilogram of soil is calculated. Soil samples of 
every month are collected at the depth of 8 – 10 inches (approx.) from the mangrove forest bed that 
encounters tidal flow of water, and water samples are collected from the creeks at 0.5 metre (approx.) 
depth at different field stations for chemical analysis. The methodology of estimation of STN, SON, SIN, 
DON and DIN; and measurement of physical factors like TS , TW , pR , oD  and pHW  ; the conversion 
rates (Cr1) from STN to SON and (Cr2) from STN to SIN are described in Mandal et al. [17]. LUTRON-
LX 101 and EUTECH-ECOSCAN SALT6 are used to measure RI ; rS  and eS  respectively. Collection 
of phytoplankton and zooplankton, follows methodologies described in Macedo et al. [19] and 
enumeration is done using a compound microscope and Sedgewick-Rafter chamber. Wet weight and dry 
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weight are calculated following the methodology of Naz and Turkmen [20]. Dry weight and 
corresponding nitrogen content of phytoplankton and zooplankton are calculated following by method 
described in Jorgensen et al. [21]. The data for monthly fish production is collected from Central Inland 
Fisheries Research Institute (CIFRI), India. The creeks of this estuarine region are dominated by 
carnivore fish species followed by detritivore fish species. There are few herbivorous species reported in 
the lower saline region of the estuary. Mukherjee et al. [22] described the net volume of water passing 
through this stretch of Hooghly-Matla estuary. This information is used to calculate the biomass of fish 
per cubic metre. Nitrogen in fish biomass is calculated using the method described in Ramseyer [23] 
(Table 1). 
Table 1: Linear regression equations are used to calculate nitrogen in detritivore and carnivore species, where N is nitrogen in grams 
and X is weight in grams. 
Fish Type N = A + BX r - value Standard Deviation 
Carnivorous Fish -0.22476 + 0.02781(X) 0.9997 0.10143 
Detritivorous Fish -0.20357 + 0.02932 (X) 0.9998 0.09768 
Monthly average values of STN, SON, SIN, DON, DIN, P, Z, DF, CF and all physical and chemical 
factors are used for running the model. 
2.3. The model 
2.3.1.  Model description 
An eleven compartment model (Fig. 2) is conceptualized using STELLA 6.0 computer software (High 
Performance Systems Inc.) and fourth- order Runge – Kutta method with a time step of 1 day is used for 
its integration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
420  S. Mandal et al. / Procedia Environmental Sciences 13 (2012) 414 – 444420 S. Mandal et al./ Procedia Environmental Sciences 8 (2011) 414–444    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Conceptual model of impact of mangrove litter biomass on the different forms of nitrogen in soil and water; and fish 
population dynamics in Hooghly-Matla estuarine system. 
The differential equations (Eq.) of the state variables; STN, SON, SIN, WTON are same as described in 
Mandal et al. [17], therefore, the ongoing account deals with the modified differential equations of the 
previous model [17] and newly introduced state variables in the model. 
Part of WTON is converted to PON ( WPONCon ) (Eq. 1). WPONCon  is monitored by WPONCr  (Eq. 2). 
Input of PON due to death of other aquatic organisms ( PIDAO ) is regulated by PIDAOIr  and PDMIr  
(Eq. 3). PON to the estuarine system is added through washout of degraded organic matter from SON 
during tidal inundations ( SPONCon ) and invertebrate excretion (PIE). SPONCon  is regulated by a 
SPONCr  (Eq. 4). PIE is regulated by the input rate of invertebrate excretion ( IEIr ) (Eq. 5). PON is 
supplemented in the system by mortality process of phytoplankton ( phytoM ), zooplankton ( zooM ), 
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carnivorous fish ( cfM ) and detritivorous fish ( dfM ). These processes are regulated by Mrp, Mrz, Mrcf 
and Mrdf respectively (Eq. 6, 7, 8, 9). The removal of PON is a combined process, this includes it 
utilization by detritivores ( LD ), mineralization of PON ( minPON ), settling ( setPON ), utilization of 
PON by detritivorous fish (UDF) and small fraction as loss from the system ( PONLr ). DLr is 
incorporated as loss rate due to detritivory in the present model (Eq. 10). In any aquatic system, 
minPON  is temperature and dissolved oxygen dependent process (Eq. 11), therefore TW  and oD based 
equations that effects the mineralization rate ( minr ) and affects the mineralization process ( minreN ) is 
used by Wei-Bing et al. [24] (Eq. 12). Temperature effect ( Tf ) is a function of TW (Eq. 13). In the 
present model, oxygen effect on biochemical reaction ( Dof ) is function of oD , which follows Michaelis-
Menten kinetics (Eq. 14). setPON and PONLr  are governed by PONSr  and PONLr  respectively (Eq. 15 
and 16). Since PON is the detritus pool of estuarine system, therefore major detritivorous fishes are 
dependent on this resource (Eq. 17). UDF follows Michaelis-Menten kinetics and depends on PON, DF, 
dfgrw and dfK . 
 
dfcfzoophytoSPONWPON MMMMPIEConPIDAOCondt
dPON
  
 UDFPONPONPONLD lossset  min     (1) 
 WPONWPON CrWTONCon        (2) 
 PDMPIDAO IrIrPIDAO        (3) 
 SPONSPON CrSONCon        (4) 
 IEIrPIE          (5) 
pphyto MrPM         (6) 
Zzoo MrZM         (7) 
cfcf MrCFM         (8) 
dfdf MrDFM         (9) 
 DLrPONLD         (10) 
 minmin reNPONPON        (11) 
  DoTre ffrN  minmin      (12) 
   )20(  TT WKT ef      (13) 
    Doo
o
Do KD
Df

      (14) 
 PONset SrPONPON        (15) 
 PONloss LrPONPON        (16) 
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 PONK
grwDFPON
UDF
df
df


       (17) 
 
The concentration of DON in the system is maintained by DON input due to death of aquatic 
organisms and microflora ( DIDAO ), a portion of WTON ( DONCon ), degradation of DON to DIN 
( degDON ), loss of DON from the system and utilization of DON by bacteria ( lossDON ) and utilization 
of DON by detritivorous fish DONU  (Eq. 18). DONCon  is regulated by DONCr  (Eq. 19). DIDAO is 
governed by DIDAOIr  and DMIr  (Eq. 20). Jorgensen and Bendoricchio [25] found that degDON  depends 
on hydrolysis (h) which is function of pHW  and minreN (Eq. 21). Variation of DONLr  and bacU  is 
responsible for loss of DON from the system (Eq. 22). DONU  is governed by ddfr  (Eq. 23). 
 
DONlossDON UDONDONDIDAOCondt
dDON
 deg    (18) 
 DONDON CrWTONCon        (19) 
 DMDIDAO IrIrDIDAO        (20) 
 mindeg repH NWhDONDON       (21) 
  bacDONloss ULrDONDON       (22) 
 ddfDON rDONU         (23) 
 
The abundance of DIN in estuarine water is balanced by contribution of PON, DON and SIN and 
utilization by phytoplankton and microflora (Eq. 24). Leaching of SIN to the estuarine water ( LeachSIN ) 
is controlled by 2RLch  (Eq. 25). DIN in the system is supplemented by excretion of zooplankton ( zooE ), 
excretion of carnivorous fish ( cfE ) and excretion of detritvorous fish ( dfE ); which are regulated by 
zooEr , cfEr  and dfEr respectively (Eq. 26, 27, 28). Unutilized part of DIN gets out from the system 
( lossDIN ), governed by DINLr  (Eq. 29). In Sundarban mangrove ecosystem, utilization of DIN by 
phytoplankton ( PU ) and microflora ( MU ) are regulated by phytoplankton through photosynthesis and 
urM  respectively (Eq. 30). 
 
PMlosszoodfcfLeach UUDINEEEPONDONSINdt
dDIN
 mindeg
           (24) 
2RLeach LchSINSIN        (25) 
zoozoo ErZE         (26) 
cfcf ErCFE         (27) 
423S. Mandal et al. / Procedia Environmental Sciences 13 (2012) 414 – 444 S. Mandal et al./ Procedia Environmental Sciences 8 (2011) 414–444 423 
 
dfdf ErDFE         (28) 
DINloss LrDINDIN         (29) 
urM MDINU         (30) 
 
PU in the estuarine system is mainly regulated by phytoplankton biomass (P), which follows 
Michaelis-Menten kinetics, P depends on photosynthesis (Photo), pK , P and DIN,  (Eq. 31). Photo is 
function of temperature ( TW ) dependent maximum growth rate of phytoplankton ( maxP ) and light effect 
on photosynthesis ( effL ) as proposed by Steele [26], (Eq. 32). 
 
     pp KDINDINPPhotoU  /     (31) 
effT LWPPhoto  max       (32) 
 
The dependence of TW is exponential, (Eq. 33) and effL  depends on irradiance effect (I) and optI , 
(Eq. 34). I is function of RI , cE ,d and self shading of phytoplankton due to its own body size ( xtE ), 
(Eq. 35). 
 
       TT WPWP 09.0exp05.6/maxmax     (33) 
    optopteff IIIIL /1exp/     (34) 
  dEEII xtcR  exp    (35) 
 
Self shading is calculated by using the equation of Radtke and Straskraba [27], (Eq. 36). The equation 
is based on the physical laws of particle sizes where, pV is the average body volume of phytoplankton. 
 
33.012.0  pxt VE      (36) 
The dynamics of phytoplankton depends on the uptake of nutrient, loss due to respiration, settling, 
mortality and grazing by zooplankton, (Eq. 37). Respiratory loss of phytoplankton ( phytoR ), settling of 
phytoplankton (S) are dependent on phr and sr  respectively, (Eq. 38, 39). Grazing of zooplankton on 
phytoplankton ( GrazZ ) follows Michaelis-Menten kinetics which includes P, Z, and zK . GrazZ  is 
dependent on dilution ( Dil ) and zg , (Eq. 40). 
 
GrazZMSRU
dt
dP
phytophyto       (37) 
  phphyto rPR         (38) 
  srPS          (39) 
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     zz KPZPDilgGrazZ  /      (40) 
fDil /1       (41) 
      er SSf /1     (42) 
 
Since estuary is a transition zone of river and sea, there is always fluctuation of salinity throughout the 
year, which is due to dilution or mixing of water. Dil is calculated (Eq. 41, 42) following Ketchum [28] 
where, f is the dilution factor, which is function of rS  and eS . Besides grazing, the abundance of 
zooplankton is also dependent on loss due to zooE , fish predation ( pF ), respiration ( zooR ) and mortality 
( zooM ) (Eq. 43), zooR , is governed by zor (Eq. 44). 
 
zoozoopzoo EMFRGrazZdt
dZ
      (43) 
  zozoo rZR          (44) 
 
The abundance of CF is governed by many processes in the estuary (Eq. 45). Fish predation ( pF ) on 
Z follows Michaelis-Menten kinetics and enrich the fish pool of the estuarine system (Eq. 46), 
pF depends on cfK  and cfgrw . CF population is also dependent on availability of DF population. 
Predation of DF ( dfedPr ) by CF depends on cfpr (Eq. 47). CF population is reduced by cfM , 
respiration ( cfspRe ), harvest by fishing ( cfH ) and cfE . cfspRe  and cfH  are controlled by cfr  and 
cfHr  respectively (Eq. 48, 49). 
 
cfcfcfcfdfp HspMEedFdt
dCF
 RePr     (45) 
 
 ZK
ZCFgrw
F
cf
cf
p


        (46) 
 cfcf prDFed Pr        (47) 
 cfcf rCFsp Re        (48) 
 cfcf HrCFH         (49) 
 
In Hooghly - Matla estuarine system, DF dynamics depends on availability of PON and its utilization 
(UDF), the population size is checked by predation of DF by CF, its mortality ( dfM ), respiration 
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( dfspRe ), excretion ( dfE ) and harvest ( dfH ) (Eq. 50). dfspRe  and dfH are regulated by dfr  and 
dfHr  respectively (Eq. 51, 52). 
 
dfdfdfdfdf HEspMedUDFdt
dDF
 RePr     (50) 
  dfdf rDFsp Re        (51) 
  dfdf HrDFH         (52) 
 
The monthly average values of bL  (Fig. 3a), TS (Fig. 3b), Rp (Fig. 3c), TW (Fig. 3d), oD (Fig. 3e), 
pHW  (Fig. 3f), IR (Fig. 3g), Se (Fig. 3h) and Sr (Fig. 3i), cfHr  and dfHr (Fig. 3j) are incorporated as 
graph-time functions (standard method in the STELLA 6.0 software package). 
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Fig. 3a       Fig. 3b 
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Fig. 3e       Fig. 3f 
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Fig. 3i      Fig. 3j 
Fig. 3a-3j Monthly average value of litter biomass ( bL ) (Fig. 3a), soil temperature ( TS ) (Fig. 3b), redox potential (Rp) (Fig. 3c), 
water temperature ( TW ) (Fig. 3d), dissolved oxygen ( oD ) (Fig. 3e), water pH ( pHW ) (Fig. 3f), surface solar irradiance (IR) 
(Fig. 3g),salinity of downstream (Se) (Fig. 3h), salinity of upstream (Sr) (Fig. 3i), harvest rate of carnivorous and detritivorous fish 
( cfHr  and dfHr ) (Fig. 3j). 
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2.3.2. Sensitivity analysis 
 
Sensitivity analysis is carried out for Sagar island as well as Lothian island to detect the sensitive 
parameter for both the systems. Sensitivity analysis is performed using the formula described in Jorgensen 
[29]:  
 
   ppxxS ///                 (53) 
 
where, S = Sensitivity, x = state variable (here STN, SON, SIN, WTON, DON, DIN, PON , P, Z, DF and 
CF), p= parameter, x and p  are change of initial values of state variables, parameters and forcing 
functions respectively at %10 level. 
Secondary data source is used to calibrate the parameters, which are not possible to collect from field. 
For this, first year data set is used for calibration followed by validation using second set data. Ranges 
(minimum to maximum) of these parameter values in different estuaries of elsewhere are collected from 
literature [16, 17, 21]. Table 2, 3, 4 and 5 shows the detailed description of state variables, parameters, 
factors used in the model. 
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2.3.3. Model calibration and validation 
 
Calibration is done by adjusting selected parameters in the model to obtain a best fit between the model 
calculations and the field data collected during first year (March 2005 to February 2006). Validation of 
the model is performed using data collected during second year (March 2006 to February 2007). The 
monthly average values of STN, SON, SIN, DON and DIN of first year and second year are used for 
calibration and validation of the model respectively. The model is simulated for the period of 365 days 
between premonsoon to postmonsoon for calibration [{Premonsoon (day 1 to day 31 – March05, day 32 
to day 61 – April05, day 62 to day 92 – May05, day 93 to day 122 – June05)}; { Monsoon (day 123 to 
day 153 – July05, day 154 to day 184 – August05, day 185 to day 214 – September05, day 215 to day 245 
– October05)}; { Postmonsoon (day 246 to day 275 – November05, day 276 to day 306 –December05, 
day 307 to day 338 – January06, day 339 to day 365 – February06)}] and validation[{Premonsoon (day 
366 to day 397 – March06, day 398 to day 427 – April06, day 428 to day 458 – May06, day 459 to day 
488 – June06)}; { Monsoon (day 489 to day 519 – July06, day 520 to day 550 – August06, day 551 to day 
580 – September06, day 581 to day 611 – October06)}; { Postmonsoon (day 612 to day 641 – 
November06, day 642 to day 672 –December06, day 673 to day 703 – January07, day 704 to day 731 – 
February07)}]. 
Table 2: Description of state variables and parameters with symbols, respective values in Hooghly – Matla estuarine system 
Symbol Description Values Units References 
State Variables 
STN Soil Total Nitrogen 72 mg kg-1 Field survey 
SON Soil Organic Nitrogen 71.29 mg kg-1 Field survey 
SIN Soil Inorganic Nitrogen 0.71 mg kg-1 Field survey 
WTON Total Organic Nitrogen of 
Water 
59.84 mg l-1 Source IESWM 
PON Particulate Organic Nitrogen 
of Water 
56.71 mg l-1 Source IESWM 
DON Dissolved Organic Nitrogen of 
Water 
0.41 mg l-1 Field survey 
DIN Dissolved Inorganic Nitrogen 
of Water 
0.75 mg l-1 Field survey 
P Phytoplankton 2.89 mgN l-1 Field Survey 
Z Zooplankton 5.89 mgN l-1 Field Survey 
CF Carnivorous Fish 165 mgN l-1 CIFRI 
DF Detritivorous Fish 256 mgN l-1 CIFRI 
Table 3: Description of parameters with symbols, respective values in Hooghly – Matla estuarine system (Continuation of Table 2) 
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Symbol Description Values Units References 
Parameters 
WPONCr  Conversion rate of WTON to PON 0.85 (day-1) Mandal et al. [17] 
DONCr  Conversion rate of WTON to DON 0.005 (day-1) Burdige and Zheng 
[30] 
SPONCr  Conversion rate of SON to PON 0.084 (day-1) Mukhopadhyay et al. 
[22] 
DIDAOIr  Input rate of dead aquatic 
organisms to DON 
0.006 (day-1) Burdige and Zheng 
[30] 
IDSOIr  Input rate of dead soil organisms 0.01 (day-1) Roy et al. [31] 
PIDAOIr  Input rate of dead aquatic 
organisms to PON 
0.122 (day-1) Roy et al. [31] 
1RLch  Leaching rate of SON to WTON 0.535 (mmolN m-2 day-1) De Medina et al. [32] 
DoK  Half saturation constant for 
oxygen 
1 dimensionless Wei-Bing et al. [24] 
TK  Temperature coefficient 0.063 dimensionless Wei-Bing et al. [24] 
2RLch  Leaching rate of SIN to DIN 0.390 (mmolN m-2 day-1) De Medina et al. [32] 
DLr  Loss rate of PON due to 
detritivores 
0.69 (day-1) Ghosh [33] 
HAFALr  Loss rate of SON as Humic acid 
and Fulvic acid 
0.362 (day-1) Burdige and Zheng 
[30] 
DONLr  Loss rate of DON from the system 0.19 (day-1) Mandal et al. [17] 
MLr  Loss rate due to mangrove uptake 0.610 (day-1) Mandal et al. [17] 
PONLr  Loss rate of PON from the system 0.06 (day-1) Ghosh [33] 
WTONLr  Loss rate of WTON from the 
system 
0.145 (day-1) Mandal et al. [17] 
Mdr  Microbial degradation rate 0.005 (day-1) Jorgensen et al. [21] 
minr  Mineralization rate of PON 0.0011 (day-1) Jorgensen et al. [21] 
h  Rate of hydrolysis 0.00041 (day-1) Jorgensen, et al. [21] 
PONSr  Settling rate of PON 0.015 (day-1) Ghosh [33] 
DSMIr  Input rate of dead soil microflora 
to SON 
0.20 (day-1) Roy et al. [31] 
urM  Microfloral uptake rate of DIN 0.50 (day-1) Mandal et al. [17] 
PDMIr  Input rate of dead microflora to 
PON 
0.20 (day-1) Roy et al. [31] 
IEIr  Input rate of invertebrate 
excretion 
0.10 (day-1) Mandal et al. [17] 
DMIr  Input rate of dead microflora to 
DON 
0.05 (day-1) Mandal et al. [17] 
Table 4: Description of parameters with symbols, respective values in Hooghly – Matla estuarine system (Continuation of Table 3) 
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Symbol Description Values Units References 
TOpt  Optimal Temperature in soil 20 (◦C) Antonopoulos [34] 
10Q  Temperature Factor for Soil 
Mineralization 
2 (dimensionless) Davidson and Janssens 
[35] 
bacU  Bacterial utilization rate of DON 0.70 (day-1) Mandal et al. [17] 
pV  Average body volume of 
phytoplankton 
1.60 log (101.6) µm3 Ray and Straskraba 
[16] 
pK  Half saturation constant for 
nutrient uptake by phytoplankton 
3.2 dimensionless Jorgensen et al. [21] 
Pmax Maximum growth rate of 
Phytoplankton 
2.62 day-1 Ray and Straskraba 
[16] 
Iopt Optimal light intensity 680 cal cm-2 day-1 Ray and Straskraba 
[16] 
sr  Rate of settling 0.049 day-1 Jorgensen, et al. [21] 
d Depth of water 4 m Ray and Straskraba 
[16] 
cE  Extinction coefficient of water 0.2 m-1 Ray and Straskraba 
[16] 
PMr  Mortality rate of phytoplankton 0.081 day-1 Jorgensen, et al. [21] 
ZMr  Mortality rate of zooplankton 0.0145 day-1 Jorgensen, et al. [21] 
phr  Respiratory rate of 
phytoplankton 
0.021 day-1 Jorgensen, et al. [21] 
zor  Respiratory rate of zooplankton 0.0153 day-1 Jorgensen, et al. [21] 
zg  Growth rate of zooplankton 0.75 day-1 Jorgensen, et al. [21] 
zK  Half saturation constant for 
phytoplankton grazing by 
zooplankton 
0.4 dimensionless Jorgensen, et al. [21] 
Mrcf Mortality rate of carnivorous fish 0.0012 day-1 Jorgensen, et al. [21] 
Mrdf Mortality rate of detritivorous 
fish 
0.005 day-1 Calibrated 
prcf Predation rate of CF feeding on 
DF 
0.04 day-1 Calibrated 
Kcfz Half saturation constant of CF 
feeding on Z 
50 Dimensionless Calibrated 
rddf Rate of DON uptake by DF 0.21 day-1 Calibrated 
Table 5: Description of parameters with symbols, respective values in Hooghly – Matla estuarine system (Continuation of Table 4) 
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Symbol Description Values Units References 
Ercf Excretion rate of CF 0.002 day-1 Calibrated 
rcf Respiration rate of CF 0.0208 day-1 Jorgensen, et al. [21] 
Erz Excretion rate of Z 0.04 day-1 Calibrated 
Erdf Excretion rate of DF 0.001 day-1 Calibrated 
rdf Respiration rate of DF 0.02 day-1 Calibrated 
grwdf Growth rate of DF 0.5054 day-1 Calibrated 
Kdf Half saturation constant of DF 
feeding on PON 
0.05 day-1 Jorgensen, et al. [21] 
3. Results 
Model result indicates that HAFALr  is sensitive to all state variables considered in this system. Slight 
perturbation of this parameter causes all the state variables to fluctuate significantly. The parameter is 
negatively related to all the state variables except STN. STN showed no effect when this parameter is 
perturbed from its original value. Decrease in HAFALr  causes rise of SON, WTON and CF to 4%, SIN and 
P to 2%, DON, DIN, PON and DF to 3%, Z to 1%. Similarly, increase in the value causes decrease in the 
availability of the previously mentioned state variables by same percentage. 
Sensitivity results show 1RLch  is the most sensitive parameter to SON dynamics. In soil of mangrove 
beds, increase of 1RLch  by 10% causes SON to decrease by 6%. When this parameter is perturbed down 
to 10%, SON rises by 5%. The availability of SIN in the soil is mostly affected by TOpt . Increase of this 
parameter to 10% causes reduction in the content of SIN of soil by 8% whereas the availability increases 
by 9% of same state variable when the value of TOpt  is decreased to 10%. 
DONCr  is the most sensitive parameter governing DON dynamics. If the value of the same is increased 
to 10%, abundance of DON rise by 9%. The availability of DON is decreased by 18% when the value of 
parameter is perturbed down to 10%. 
DIN of the estuary is contributed by from leaching of SIN and mineralization of PON, DON and 
excretion by DF, CF and Z. These processes are balanced by phytoplankton biomass and other autotrophs 
in the estuary through photosynthesis. Ercf is the most sensitive parameter to DIN, The abundance of DIN 
decreased by 9%, when the parameter is decreased to 10%. WPONCr  is the most sensitive parameter to 
WTON. 9% fall and 10% rise is noted in WTON concentration when the value of parameter is increased 
and decreased by 10% respectively. Among all the parameters affecting the dynamics of detritus (PON) 
in estuarine system, DLr  is the most sensitive parameter to PON. If the value is decreased to 10%, 10% 
rise in PON dynamics is observed. 
Model study depicts zg  is most sensitive to P. Growth of P fall by 15% in the system when the value 
of zg  is increased to 10%. 11% growth of P biomass is noted when Iopt are decreased to 10% thus 
enhancing the primary productivity of the estuary. Results indicate that Kz and gz are more or less equally 
sensitive to Z. The growth of Z in the estuarine system progressed 20% when Kz is perturbed down or gz is 
perturbed up to 10% of their respective values thus increasing the availability of prey population for 
carnivorous fish population. The growth of Z is decreased by 19% and 25%,when Kz is increased to to 
10% and gz is decreased to 10% of their  respective values. 
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The abundance of DF in the estuarine system is mostly affected by prcf . Decrease of this value by 10% 
causes 17% rise in the biomass of DF. The same parameter is most sensitive to CF, increase or decrease 
of this parameter causes CF to fluctuate up or down by 5%. Another parameter that affects CF equally is 
found to be rcf. This parameter is inversely proportional to CF. Rise of rcf by 10% causes CF to decrease 
by 5% and vice versa. 
The average wet weight of Lb during premonsoon is (978.25 ± 422 mg kg-1 of soil), monsoon (2401.75 
± 1122 mg kg-1 of soil) and postmonsoon (2832.45 ±1148 mg kg-1 of soil) (Fig. 3a).  Dynamics of STN is 
studied throughout the year; the experimental results show higher values in monsoon (255 ± 24 mg kg-1), 
lower in premonsoon (105 ± 34 mg kg-1) and intermediate in postmonsoon (150.25 ± 36 mg kg-1). The 
simulated results of first year and second year are in agreement with the observed results (Fig. 4). 
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Fig. 4 Monthly variations of soil total nitrogen (STN) throughout the year in Hooghly - Matla estuary simulated vs. observed results 
during calibration (Day 1 to Day 365) and validation (Day 366 to Day 731). 
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The trend of variation of SON is very much similar to that of STN (Fig. 5). SON has its higher values 
during monsoon (251.16 ± 24 mg kg-1) and lower values are observed during postmonsoon (149.34 ± 37 
mg kg-1) and premonsoon (104.05 ± 33 mg kg-1). 
In this estuarine system, the existence of SIN mainly depends upon Rp, 10Q , TS , Mdr  and TOpt . Rp 
attains its lower value during monsoon (90 ± 16 mV), whereas the higher values are observed during 
premonsoon (149.25 ± 8 mV), moderate values are observed in postmonsoon (127 ± 4 mV) (Fig. 3c). TS  
is higher during premonsoon (29.12 ± 1 ◦C) and lower in postmonsoon (22.77 ± 2 ◦C) (Fig. 3b). 
Fluctuation of SIN shows higher values in monsoon (3.84 ± 0.87 mg kg-1), lower values during 
premonsoon (0.94 ± 0.31 mg kg-1) and postmonsoon (1.90 ± 0.67 mg kg-1) (Fig. 6). Chi - square value is 
8.87 during calibration and validation. 
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Fig. 5 Monthly variations of soil organic nitrogen (SON) throughout the year in Hooghly - Matla estuary simulated vs. observed 
results during calibration (Day 1 to Day 365) and validation (Day 366 to Day 731). 
435S. Mandal et al. / Procedia Environmental Sciences 13 (2012) 414 – 444 S. Mandal et al./ Procedia Environmental Sciences 8 (2011) 414–444 435 
 
The dynamics of DON pool is dependent on WTON pool. In addition to this, the amount of organic 
nitrogen leached and degraded from SON pool regulates DON indirectly. DON values are higher (0.80 ± 
0.06 mg l-1) in monsoon, lower during premonsoon (0.37 ± 0.08 mg l-1) period and intermediate in 
postmonsoon (0.62 ± 0.06 mg l-1). Degradation of DON depends upon hydrolysis, which is controlled by 
pHW . pHW  fluctuates at very narrow range throughout the year (7.8 to 8.3) (Fig. 3f). The model results 
are very much similar to that of observed results during calibration and validation (Fig. 7). Chi – square 
value is 8.54 during calibration and validation. 
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Fig. 6 Monthly variations of soil inorganic nitrogen (SIN) throughout the year in Hooghly - Matla estuary simulated vs. observed 
results during calibration (Day 1 to Day 365) and validation (Day 366 to Day 731). 
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Fig. 7 Monthly variations of dissolved organic nitrogen (DON) throughout the year in Hooghly - Matla estuary simulated vs. 
observed results during calibration (Day 1 to Day 365) and validation (Day 366 to Day 731). 
In Hooghly-Matla estuarine system DIN is higher in monsoon (1.26 ± 0.13 mg l-1) and lower in 
premonsoon (0.66 ± 0.22 mg l-1) and intermediate in postmonsoon (0.96 ± 0.19 mg l-1) (Fig. 8). oD  and 
TW  governs the mineralization process and Up and urM  determines the availability of DIN in the 
estuary. oD varies annually between 4.43 mg l-1 to 5.57 mg l-1 (Fig. 3e). Higher values are observed 
during postmonsoon (5.22 ± 0.30 mg l-1), highest in February (5.57 mg l-1) whereas lower values during 
monsoon (4.96 ± 0.27 mg l-1) and premonsoon (4.59 ± 0.38 mg l-1), lowest in May (4.43 mg l-1). In the 
tropics, higher temperatures are observed during the premonsoon period (March - June) and low 
temperatures are observed during postmonsoon period (November – February). The higher values of 
TW are observed during premonsoon (29 12 ± 1.65 mg l-1). Lower values are observed during 
postmonsoon (22.77 ± 2.56 mg l-1) (Fig. 3d). Chi – square test value is 9.51 during calibration and 
validation.  
The phytoplankton biomass in the estuarine system is balanced by uptake of nutrients, grazing by 
zooplankton and other processes. Higher values are observed during postmonsoon (4.272 ±0.66 mgN l-1), 
lower values during premonsoon (2.247 ± 0.93 mgN l-1), and intermediate values are noted during 
monsoon (2.607 ± .80 mgN l-1) (Fig. 9). Chi- square value for observed and simulated results of P is 
13.46. 
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Fig. 8 Monthly variations of dissolved inorganic nitrogen (DIN) throughout the year in Hooghly - Matla estuary simulated vs. 
observed results during calibration (Day 1 to Day 365) and validation (Day 366 to Day 731). 
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Fig. 9 Monthly variations of phytoplankton (P) throughout the year in Hooghly - Matla estuary simulated vs. observed results during 
calibration (Day 1 to Day 365) and validation (Day 366 to Day 731). 
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Zooplankton population mainly consists of rotifers and copepods, which shows a distinct seasonal 
variation in their abundance throughout the period of study. Higher values are observed during 
premonsoon (5.447 ± 1.93 mgN l-1), lower values are noted during monsoon (3.06 ± 0.92 mgN l-1) and 
intermediate values are found in postmonsoon (4.03 ± 0.62). The simulated and observed values are 
shown in Fig. 10. Chi- square value for observed and simulated results of Z is 12.87. 
The production of DF and CF in Hooghly - Matla estuarine system are estimated by the model (Fig. 
11). The corresponding values of fish weight (in tons) for every month are represented in Fig. 12. The 
maximum biomass of DF is observed during monsoon (1211.36 ± 395 mgN l-1), lower values are noted 
during premonsoon (543.80 ± 231 mgN l-1) and intermediate values are observed during postmonsoon 
(921.54 ±168 mgN l-1). However, CF dynamics is different in Hooghly - Matla estuarine system. Higher 
values are noted during postmonsoon (771.47 ± 83 mgN l-1) followed by monsoon (644.30 ± 180 mgN l-1) 
and premonsoon (234.5 ± 79). 
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Fig. 10 Monthly variations of zooplankton (Z) throughout the year in Hooghly - Matla estuary simulated vs. observed results during 
calibration (Day 1 to Day 365) and validation (Day 366 to Day 731). 
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Fig. 11 Predicted result of fish yield of (CF and DF) in Hooghly – Matla estuarine system. 
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Fig. 12 Predicted result of fish yield of (CF and DF) (in tons) in Hooghly – Matla estuarine system. 
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Chi-square tests are performed to check the goodness of fit for statistical significance between results 
obtained from field and model results. Chi-square test results show p<0.05 levels for all cases. WTON and 
PON compartments are not calibrated and validated due to inconvenience in collection of the data from 
the field. 
4. Discussion 
The present account deals with impact of mangroves and formation of detritus in the estuarine system. 
According to Kang and Xiang [8], detritus plays a role of nutrients reservoir, affects the trophic structure 
and dynamics of communities, and supports a greater diversity of species and longer food chains The Lb 
per kg of soil is higher in monsoon. During monsoon, the mangrove beds are more prone to tidal 
influence, which promotes the removal of SON to the adjacent estuarine water. Present model reveals that 
the organic nitrogen content of the soil is more than 95%. Mandal [36] described the PON content of 
Hooghly - Matla estuarine system during monsoon is (115 ± 23 mg l-1-1). The model results depict that 
higher biomass of DF are observed during monsoon period probably due to higher food resource. 
Detritivorous fish are efficient to separate organic particles from sediments. D’Avanzo and Valiela [37] 
commented that nitrogen content is key feature of detrital diets. It is found that detritivorous fishes that 
select detritus with high amino acid content in the form of. DON, grows rapidly in contrast to those that 
do not. Model observations showed higher DON content during monsoon, these conditions promote rapid 
fish growth. Yossa and Lima [38] advocated that higher protein content in the detritus during monsoon is 
caused by allocthonous input. The present finding corroborates with the above statement. Monsoon is 
considered as breeding season for most estuarine fish species. 
Model results for carnivorous fish shows higher biomass during postmonsoon season. This increased 
abundance may be due to increased phytoplankton biomass during postmonsoon. Zooplankton assemblage 
in this region induces carnivorous fishes to migrate from other parts of estuary to this region. According to 
Saigal et al. [1], the organic load and washed off materials which are rich in nutrients are deposited in 
estuary during monsoons by the heavy inflow in the streams during that period. This brings about major 
food chains by inducing a rich growth of phytoplankton during postmonsoon. De Angelis et al. [39] used 
reaction-diffusion mechanism for movement of fish. They tested two hypothesis: refuge mechanism and 
dynamic ideal free distribution mechanism. The latter explains the consumption by ﬁsh creates a prey 
density gradient and that ﬁsh taxis along this gradient can lead to rapid population expansion in space. In 
Hooghly - Matla estuarine system, diadromous species such as Pangasius pangasius, Tenualosa ilisha, 
Lates calcarifer are common in the low saline zone. The moderately saltwater zones are dominated by 
Tenualosa ilisha; Pomadasys hasta, Polynemus spp., Coilia spp., Johnius spp., Boleopthalmus spp. etc. 
The highly saline zones are likely to support species such as Harpodon nehereus; Trichiurus savala, 
Setipinna spp., Pampus spp., Sardinella spp., Salar spp. etc. 
Kang and Xian [8] reported that utilization of benthic organic detritus by detritivorous fish and then 
releasing a portion of the consumed nutrients as excreta may provide an important source of nutrients to 
stimulate phytoplankton growth. Body size may affect the amount of nutrient released and supplied to 
phytoplankton. Model results indicate that excretion rate of carnivorous fish is more effective in recycling 
of nutrients over excretion by detritivorous fishes and zooplankton. The above findings are in agreement 
with Ray and Straskraba [16]. They concluded that this group of fish had no impact on primary production 
but played a major role in total fish production. 
Model results showed a common parameter prcf, predation rate of carnivorous fish feeding on 
detritivorous fish is highly sensitive to both the group of fishes. Slight increment of the value of this 
parameter cause carnivorous fish biomass to increase in a way that zooplankton vanished from the system. 
Similarly, decrease of the value causes detritivorous fish biomass to increase significantly. Therefore, it 
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can be said that, this parameter determines the balance between two groups of fish. Model results (Fig. 11 
and 12) also depict that the biomass of detritivorous fish is quite higher than carnivorous fish and the 
abundance of detritivorous fish in comparison to carnivorous fish lagged by one seasonal period. 
Therefore, the current scenario of Hooghly - Matla estuarine system shows a proper prey-predator 
relationship and coexistence of species in the system. 
For the last several decades, there is gradual decline in fish production in Hooghly-Matla estuarine 
system. According to Islam and Wahab [14], the Sundarban mangrove ecosystem is the largest source of 
timber, firewood, fuelwood and other forest products. Exocaria. agallocha is used as raw materials in the 
paper and match industry. Pulpwood is extracted under a selection system where all trees above 20 cm 
diameter at breast height are extracted. Trees below the exploitable diameter are also removed to use as 
fuel. The two major fuel wood species in the mangroves are Heritiera fomes and Ceriops decandra. From 
the present model, if the litter biomass are decreased by 10% then carnivorus and detritivorous fish 
production in estuary also get reduced by same percentage. It is observed that the discharge rate and 
sediment load in estuary is increased due to deforestation as a result there is rise in siltation of the 
distributaries of Hooghly - Matla estuarine system. The mangrove ecosystem provides shelter, food 
resources, and breeding ground for estuarine fish species. Deforestation leads to loss of natural breeding 
grounds, and increased vulnerability to cyclones and tidal waves. Moreover, mangrove soils developed 
from seawater sediments contain high sulfides, which occur in the form of iron sulfides (FeS and FeS2). 
Decrease in soil pH causes increase in solubility of aluminium, iron, and manganese in soils. Deb [40] 
reported that severe acidity causes stress and death of fish due to gill clogging by ferric hydroxide 
resulting from pyritic soils. 
Overexploitation of fish resource is another major problem in Hooghly - Matla estuarine system. Fry 
catching is one of the profitable business that thousands of poor landless and unemployed coastal people 
are engaged along the coastline from the nearshore waters of the Bay of Bengal. Deb [40] reported that 
the catch includes different species of marine, estuarine and freshwater shrimps and prawns, crabs and 
molluscs, and a wide variety finfish and zooplankton. Due to lack of knowledge among poor people of 
coastal areas, a large number of young shrimps and fishes are destroyed before attaining biologically 
sustainable size. The present work depicts that the increase of harvest rate by 50% may lead to 26% 
decline in carnivorous fish production. Because of this decline, there is huge increase in zooplankton 
population of the estuary and this leads to more grazing pressure over phytoplankton population. Decrease 
in phytoplankton population may lead to increase in available nutrients (nitrogen, phosphorus etc.) in 
estuary. Catherine et al. [41] reported that nutrient enrichment of the coastal zone increases the mortality 
of mangroves by enhancing shoot growth relative to root which makes them vulnerable to environmental 
stresses like salinity, drought that adversely affect plant water relationships. 
Only 6% decline is observed in detritivorous fish population when the harvest rates are reduced to 50%. 
This shows that detritus based food chain is more important than grazing food and resistant to 
anthropogenic perturbations. Ray [42] reported that the reclaimed islands of Sundarban are highly resilient 
to natural or human perturbations. 
Above study is carried out in reclaimed part of Sundarban, where the creek waters are subjected to 
anthropogenic activities. Detailed analysis can be done if this model will be applied to the other parts of 
Sundarban, which are still inaccessible to research worker. 
5. Conclusions 
From this model, it can be concluded that the litter biomass of the mangrove forest played a major role 
in maintaining detritus food chain as well as grazing food chain. Higher production may lead to higher 
PON formation and nutrient availability to the phytoplankton and zooplankton. Overexploitation of 
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carnivorous fish population may lead to top-down effects in the trophic levels of grazing and detritus food 
chains. Detritus fish population showed little fluctuation when subjected to overexploitation, which is due 
to ample food resource in Hooghly - Matla estuarine system. From management perspective, it can be 
said that afforestion is urgently required in major areas of Sundarban for maintaining ecological balance 
between grazing and detritus food chain in estuary. 
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